Abstract With the technical requirement of the International Thermonuclear Experimental Reactor (ITER) project, the manufacture and assembly technology of the mid Edge Localized Modes (ELM) coil was developed by the Institute of Plasma Physics, Chinese Academy of Science (ASIPP). As the gap between the bracket and the Stainless Steel jacketed and Mineral Insulated Conductor (SSMIC) can be larger than 0.5 mm instead of 0.01 mm to 0.1 mm as in normal industrial cases, the process of mid ELM coil bracket brazing to the SSMICT becomes quiet challenging, from a technical viewpoint. This paper described the preliminary design of ELM coil bracket brazing to the SSMIC process, the optimal bracket brazing curve and the thermal simulation of the bracket furnace brazing method developed by ANSYS. BAg-6 foil (Bag50Cu34Zn16) plus BAg-1a paste (Bag45CuZnCd) solders were chosen as the brazing filler. By testing an SSMICT prototype, it is shown that the average gap between the bracket and the SSMIC could be controlled to 0.2-0.3 mm, and that there were few voids in the brazing surface. The results also verified that the preliminary design had a favorable heat conducting performance in the bracket.
Introduction

IVC project
The important ITER subsystem, named the InVessel Coil (IVC) system, is being designed by the Princeton Plasma Physics Lab (PPPL) and some qualification samples are being manufactured by ASIPP based on the PPPL's design. The IVC, located within the ITER vacuum chamber, will provide a control of the Edge Localized Modes (ELMs) and the Vertical Stabilization (VS) of the plasma.
The ELM coils consist of three kinds (upper, midplane, and lower) of 6-turn rectangular "picture frame coils", in a total of 27 coils mounted to the vacuum vessel. The VS coils consist of one upper and one lower 4-turn solenoid "ring" coil connected in an anti-series "saddle" arrangement. All IVCs are supported via bolts to the rails which are welded to the Vacuum Vessel (VV) wall. Fig. 1 shows a 40
• sector of the ITER vacuum vessel with IVCs installed. The coil is expected to withstand a high radiation environment, and the highest temperature can reach up to 400
• C in the coil. With the severity of the in-vessel radiation and high heat load, conventional electrical insulation materials and manufacturing processes can hardly be used. Instead, the SSMIC is recognized as a provisional choice. The structure and dimensions of the SSMIC are shown in Fig. 2 , which will be brazed to a base metal of Inconel 625 and SS316L for ELM and VS coils, respectively. • sector of ITER vacuum vessel showing the location of IVC Fig.2 Cross-section and dimensions of the IVC conductors for the SSMIC prototype
ELM coil and bracket
The bracket is another important component besides the SSMIC in the IVC system. The bracket not only plays the role of fixing the coils strongly to withstand electromagnetic force and thermal load, but also conducts the accumulative heat deposited on the bracket to the vacuum vessel and the cooling water in the conductor. To join the hard alloy and carbon steel, which differ in their physical and chemical properties, there are wide options such as diffusion bonding, TIG welding, laser welding, beam welding, explosion welding and so on. However, these methods have not been recognized and applied as prevailingly as brazing [1−6] . It is designed, by PPPL, that the bracket brazing to SSMIC can meet the ITER requirement. Brazing becomes the key technology for the success of the IVC system design. There are in total 19 brackets, which are formed from 306L, in the mid ELM coil distributed at the corners and sides. The spine in the middle of the SSMIC and two brackets, must be brazed together to meet the design requirement. Fig. 3 shows a detailed distribution of the brackets and the cross section of a brazed bracket. The bracket will take effect in withstanding the strong electromagnetic force from SSMIC and the thermal deformation from cumulative radiation heat load. Meanwhile, it will effectively conduct the cumulative radiation heat to the vacuum vessel wall and the cooling water flowing inside the conductor. The brazing must be of an extremely high quality in terms of void scale and tightness so as to survive such a severe condition.
2 Preliminary process design of bracket brazing to SSMIC
Bracket brazing requirement and difficulty
Based on the current design output, the gap between the bracket and SSMIC can be larger than 0.5 mm. However, in the normal industrial case, the brazing gap scale is around 0.01-0.1 mm. Besides, the bracket brazing surface is horizontal and the melting brazing material would run from top towards all sides due to gravity. It is essential that the braze material has a high strength and low fluidity. Unfortunately, from the technical point of view, strength may be reduced by the low fluidity, so more innovation on the bracket brazing to the SSMIC is required.
Brazing method and process
According to the heat source and heating method, various brazing technologies are available including ultrasonic brazing [7] , flame brazing, high-frequency induction brazing, leaching of copper brazing [8] , furnace brazing, etc. Considering the copper based conductor inside the brackets and the requirement of a precise heating temperature control, the furnace brazing was applied by ASIPP.
Each IVC is wound from about 50 meters of conductor consisting of a 59 mm outer diameter stainless steel jacket, an insulating layer of magnesium oxide and an inner copper conductor; it is not cost-effective to braze all 19 brackets within one furnace. A smaller brazed volume was chosen for two reasons: easier manufacture of the furnace and a more uniform temperature control. As shown in Fig. 4 , all of the coil brackets will be brazed to the SSMIC on a single base, and so 19 brazings are required for one ELM IVC. The detailed preliminary brazing process will include treating the brazing surface, filling the brazing material, pre-compressing, heating, and removing the bracket from the furnace, compressing, and removing the remnant oxide layer on the brazing surface if necessary.
3 Bracket brazing material research
Requirement and method
Low melting temperature and fluidity are considered as suitable for big gap brazing. The maximum temperature in the bracket is expected to be higher than 400
• C during the operation condition and lower than 643
• C, which is the melting temperature of the filler material. The wettability, cost-efficiency, high joint strength, and low residual stress shall be taken into account when the brazing process is designed [9] . Instead of a copper based solder, a silver based solder was preferred as it has high mechanical strength, poor fluidity feature, and better diffusion capacity [10] , which can significantly avoid brazing void and better conduct accumulated radiation heat. After comparisons, the BAg-6 foil plus the BAg-1a paste, which are subject to high melting solder foil and low melting paste respectively, were chosen for the ELM IVC brazing. The samples of the BAg-6 foil plus BAg-1a paste solders are shown in Fig. 5 and the chemical composition is shown in Table 1. The melting point temperatures of BAg-6 foil and BAg-1a are 690
• C and 600
• C respectively. The combination can prevent the fluidity of the high melting point foils when the heating temperature reaches the melting temperature of paste. 
Fluidity experiment
The BAg-6 foil plus BAg-1a paste samples were heated at 620
• C for the fluidity experiment. As indicated in Fig. 5 , the fluidity area of the sample did not obviously deviate from the previous foil area, so the mixing of the two brazing materials can effectively suppress the fluidity problem of using a single brazing alloy such as a pure silver based alloy. It was also noticed that the BAg-6 foils did not melt completely when the heating temperature reached the melting temperature of the BAg-1a paste (600 o C), but the BAg-6 foil was in a condensed state between a solid and a liquid because of the penetration of melting paste which, to some extent, greatly reduced the fluidity of foil.
Shear strength test
In order to obtain the mechanical strength of the brazing alloy, a shear strength test of the brazing alloy was performed. The material of the joint was 304L stainless steel, shown in Fig. 6 . Based on the test results, the shear strength of the sample at room temperature was higher than 90 MPa.
Based on the fluidity and shear experiment results, the BAg-6 foil plus BAg-1a paste solders are promising for brazing brackets to the SSMIC. 
Preliminary design of brazing curve and thermal simulation
The tricky dynamic for shielding gas atmosphere fluidity and the impact of parent material design deviation will cause different absorption capacities in different locations, so the temperature distribution in materials is always different and difficult to control [11] . Inconel625 was designed as the jacket and bracket material for the ELM coil, whose thermal conductivity is relatively low. So the heating time will have to be increased appropriately in order to ensure the bracket temperature is as uniform as possible during brazing. The preliminary brazing curve is shown in Fig. 7 . The total heating time was approximately 180 min. The joint was holding at 620
• C for 60 min to ensure that the bracket temperature was as uniform as possible. In order to check the rationality of the designed bracket brazing curve, a thermal conductivity simulation of bracket brazing to the SSMIC was performed with ANSYS. The simulated prototype bracket model was 375 mm long with no cooling water. The temperature distribution of the bracket at each moment (B, C, D, E), is shown in Figs. 8-11 .
Based on the thermal conductivity simulation results, it is summarized as follows:
a. The minimal temperature of the bracket is 613
• C, which locates in the middle of the spine, when it is removed from the furnace. Fig.8 The temperature distribution of bracket at point B of the brazing curve Fig.9 The temperature distribution of bracket at point C of the brazing curve Fig.10 The temperature distribution of bracket at point D of the brazing curve Fig.11 The temperature distribution of bracket at point E of the brazing curve b. The temperature variation over the whole bracket is less than 10
• C at point E and the uniform temperature distribution ensures that the bracket brazing requirement can be satisfied. However, the holding time shall be scrupulously adjusted according to the bracket length.
Brazing experiment of bracket prototype
A brazing experiment on a prototype with six SSMICs as indicated in Fig. 12 , which were 100 mm long and made from 304L stainless steel, was carried out based on the pre-designed brazing process. Fig.12 The dismantled prototype bracket with six SSMICs a. Surface treatment The brazing surface was ground to remove its oxide layer and cleaned with an acetone solution to remove the dirt and grease.
b. Filling brazing fillers in the gap The brazing foils were wound up along the jackets outer surface and fixed by tin soldering whereas the brazing paste with flux was filled between foils. For guaranteeing the permeability of the brazing paste to foils, holes were pierced in each foil as shown in Fig. 13 . The thickness of the brazing alloy foils was determined by the actual gap scale between the bracket and the SSMIC.
c. Pre-compressing and fixing the bracket Pre-compressing with a 20 t jack at 65 MPa pressure, which was designed as sufficient to compress the 50 mm length bracket sample, was conducted before brazing commenced. After pre-compressing, two pairs of clamps with bolts were used to solidify the brackets to the SSMIC. The details are shown in Fig. 14 . d. Heating process Brazing was performed in the heating furnace with inert gas (nitrogen or argon) protection of the samples from oxidization, as shown in Fig. 15 . The brazing thermal curve was automatically set up and implemented in the whole heating cycle.
e. Post-brazing compressing Upon completion of the furnace brazing, the bracket sample was taken out immediately and fixed on the pre-compression device for a post-brazing compressing to reduce the interstitial space between the bracket and the SSMIC as much as possible. The melting temperature of the brazing paste must be kept so as to be able to conduct the compressing. For this purpose, the total time for the process needed to be less than 15 s. In spite of the protection gas in the brazing furnace, oxidation of the sample surface might occur and so was be taken into account. A dilute hydrochloric acid solution was designed to be coated on the surface and brushed with water to remove the redundant oxide layers.
g
. Experiment results
In order to check the performance of the brazing surface in the sample, a bracket sample was cut from its middle. Fig. 16 shows the cross-sections, which indicate: i. The average gap between the bracket and SSMIC can be controlled to 0.2-0.3 mm.
ii. There are few voids in the brazing surface, ensuring a favorable heat conducting performance in the bracket. Fig.16 The brazing surface in the bracket to the SSMIC
Conclusions
In cooperation with the ITER Organization (IO) and PPPL, the Research and Development (R&D) of ELM coil bracket brazing to the SSMIC was developed by ASIPP. It is concluded that, for more than a 0.5 mm gap brazing, BAg-6 foil plus BAg-1a paste solders can effectively prevent fluidity of the high melting point foils. The average gap between the bracket and the SS-MIC can be controlled to 0.2-0.3 mm and there are few voids in the brazing surface, ensuring a favorable heat conducting performance in the bracket. However, solder composition [12] , gas impurities and other factors in terms of the thermal curve and processing procedures can, to some extent, affect the brazing performance. Further research is necessary to optimize the brazing process. Brazing efficiency and complex control procedures regarding the moisture protection for MgO during brazing shall be taken into account, in the case of a batch production of IVC.
